A portable dilution sampling and measurement system was developed for measuring multipollutant emissions from stationary and mobile sources under real-world operating conditions. This system draws a sample of exhaust gas from the source, dilutes it with filtered air and quantifies total volatile organic compounds (VOCs), carbon monoxide (CO), carbon dioxide (CO 2 ), nitric oxide (NO), nitrogen dioxide (NO 2 ), sulfur dioxide (SO 2 ), oxygen (O 2 ), particle size distribution, particle number and mass concentrations, and black carbon (BC) concentration at 1-6 sec interval. Integrated samples by canisters and filter packs are acquired for laboratory analyses of VOC speciation, particle mass concentration, light absorption, elements, isotopes, ions, ammonia (NH 3 ), hydrogen sulfide (H 2 S), sulfur dioxide (SO 2 ), carbon, and organic compounds. Experiments were carried out to evaluate this system. The accuracy of key real-time instruments were found to deviate < ± 12% from references. CO 2 was used as the tracer gas to verify the concentration uniformity in the three measurement modules and relative concentration difference was < 5.1%. Instrument response time was tested by emissions from lighting and burning matches. The DustTrak DRX and optical particle counter (OPC) had the fastest response time, while other instruments had 3.5-21.5 sec delay from the DustTrak DRX and OPC. This system was applied to measure emissions from burning pine logs in a wood stove. The real-time data showed flaming, transition, and smoldering phases, and allowed real-time emission ratios to be calculated. Combing real-time data and laboratory analysis, this measurement system allows the development of multipollutant emission factors and source profiles.
INTRODUCTION
Real-world emissions represent effluents of multipollutant mixtures as they would appear soon after exiting the source, cooling, and equilibrating to ambient conditions (Cadle et al., 2009; . Thousands of emission tests are made each year on stationary and mobile sources throughout the world for certification and compliance purposes, but these tests are of limited use for estimating real-world emission rates and chemical compositions .
The most common approach to determine particulate matter (PM) emissions from stacks for compliance uses Method 5 (Elder et al., 1981; U.S.EPA, 1991) for total suspended particles (TSP) and Method 201A/202 for PM 2.5 and PM 10 (particles with aerodynamic diameters less than 2.5 µm and 10 µm, respectively) (U.S. EPA, 1996 EPA, , 1997 . Method 5 was adapted into two methods for testing residential wood heaters (U.S.EPA, 2000a, b) . Except for Method 5G, these methods use either a heated (120 ± 14°C) external glass-fiber filter or a filter installed inside the stack to collect PM at the effluent temperature. The heated samples are intended to minimize the collection of condensed water vapor. The high filter temperature precludes collection of several organic and inorganic compounds resulting in an underestimation of PM (England et al., 2000; Myers and Logan, 2002; England et al., 2007a, b) . The flue gas is sent through a set of cold impingers containing solutions to capture condensable PM that penetrates the hot filter. However, these impingers also absorb gaseous sulfur dioxide (SO 2 ) and volatile organic compounds (VOCs), thereby overestimating PM emissions (Corio and Sherwell, 2000) . Neither the front glass-fiber filters nor the impinger catches are amenable to the types of chemical analyses that are commonly applied to ambient PM samples and that facilitate receptor-oriented source apportionment Chakraborty and Gupta, 2010; Huang et al., 2010; Oh et al., 2011) .
Engine and vehicle certification tests are performed with an engine or chassis dynamometer (Code of Federal Regulations, 2001a , b, 2002 , where the engine or vehicle operates on a prescribed transient cycle or at several steady-state loads.
Emissions are sampled through a constant volume sampling (CVS) or partial-flow dilution (PFD) system (e.g., Chien et al., 2009; Wu et al., 2010) . The test cycles are intended to represent real-world operating patterns, but real-world emissions are more variable (Sawyer et al., 2000; Yanowitz et al., 2000; Cocker et al., 2004) . Despite their recognized limitations, a limited number of certification measurements are often the only ones available for constructing emission estimates (Chow, 2001; Lloyd and Cackette, 2001 ).
To achieve a more realistic representation of actual PM emissions and chemical compositions from stationary sources, dilution sampling system are designed to simulate the diluting, cooling, and aging of the hot exhaust under similar conditions when the plume discharge to the atmosphere (Hildemann et al., 1989; Lipsky and Robinson, 2005; England et al., 2007a; Li et al., 2011) . The American Society for Testing and Materials (ASTM; 2010) is developing a dilution sampling guidance for stationary source certification that better reconciles the current discrepancy between stationary or mobile source emissions and ambient PM measurements. The Emission Measurement Center of the U.S. EPA Office of Air Quality Planning and Standards (OAQPS) is also developing a Federal Reference Method (FRM) to better characterize source emissions of both filterable and condensable PM based on the dilution sampling method (Myers and Logan, 2002) . The U.S. EPA Conditional Test Method (CTM) 039 uses dilution sampling method to measure PM 2.5 and PM 10 (U.S. EPA, 2004) .
Portable onboard emission measurement systems (PEMS) have been developed for in-use vehicle emission characterization of pollutants such as non-methane hydrocarbons (NMHC), carbon monoxide (CO), carbon dioxide (CO 2 ), nitrogen oxides (NO x ), and PM (Durbin et al., 2007; Abolhasani et al., 2008; Zhang and Frey, 2008; Johnson et al., 2009) . Other species or parameters that are important to climate or health, such as black carbon (BC) and ultrafine particles, are typically not measured. Commercial PEMS are not designed to collect gas or filter samples that would enable measurement of speciated VOCs or PM source profiles needed for speciated emission inventories and source apportionment receptor models.
A portable dilution source sampling and measurement system is described here that allows for direct measurements of real-world multipollutant emissions. This system harmonizes emission measurements for stationary (Watson et al., 2010; Wang et al., 2011) and mobile (Chow et al., 2010a) sources. Data from wood stove combustion, with a focus on continuous measurements throughout the burning cycle, are reported to illustrate how the system functions. Fig. 1 illustrates the multipollutant dilution sampling and measurement system. A portion of the source effluent is drawn from a ducted or not-ducted plume, diluted and mixed with filtered air at near-ambient temperature, then directed to different monitors. Continuous monitors, described in Table 1 , measure VOCs (aromatics), CO, CO 2 , NO, NO 2 , SO 2 , O 2 , PM size distribution, PM number, PM mass, and PM BC at 1 to 6 sec intervals. Time-integrated samples are collected in parallel with canisters, absorbing substrates, and filters for later laboratory analysis of speciated VOCs, NH 3 , SO 2 , and H 2 S gases. Off-line PM analyses include mass, multiwavelength light absorption (b abs ), elements, isotopes, water-soluble ions, organic carbon (OC), elemental carbon (EC), and specific organic compounds including polycyclic aromatic hydrocarbons (PAHs) (Chow, 1995; Chow and Watson, 2012) .
MULTIPOLLUTANT DILUTION SAMPLING AND MEASUREMENT SYSTEM
This system is modularized and packaged into five modules (Figs. 2(a-e) ) to provide for: 1) sample conditioning; 2) continuous gas monitoring; 3) integrated gas and particle sampling; 4) continuous PM monitoring; and 5) system power. Instruments are selected that operate on 12 V or 24 V so that batteries or power supplies (when line power is available) can be easily procured at or near the measurement location. The modular nature of the system allows for quick replacement of the monitors as newer and more sensitive technology becomes available.
A Method 5 buttonhook nozzle and probe is used to extract effluent from a duct and drawn to the sample conditioning module (Fig. 2(a) ) through a heated (to ~5°C above the sample temperature) or insulated tube to minimize vapor condensation and thermophoretic particle losses. The sample is rapidly diluted with clean air generated by a compressor (Model 107CDC20, Thomas Pump & Machinery, Sheboygan, WI) and filtered by activated carbon and a high efficiency particulate air (HEPA) filter. An elutriator (Fig. 2(f) ) enhances mixing between the sample and dilution flows (England et al., 2007a, b) by introducing the undiluted sample flow through a center tube surrounded by 96 1.6 mm holes through which the dilution air is directed. The diluted sample passes into a 1.5 liter (L) residence chamber where gases and particles can equilibrate to reach a stable particle size distribution (Chang et al., 2004) . The aging time at the flow rate of 28.7 L/min in Fig. 1 is ~3 sec, similar to the system described by Lipsky and Robinson (2005) who estimated that the equilibrium time is < 2 sec when the total particle surface area is greater than 0.01 m 2 /m 3 . A larger-volume residence chamber can be substituted when longer residence times or higher flow rates are deemed necessary. The sample stream then passes through a cyclone (Model URG-2000-30ENG, URG Corporation, Chapel Hill, NC) to remove particles larger than ~7 µm at the specified flow rates. Three separate flow streams are drawn into the continuous and integrated sample modules (i.e., Figs. 2(b-d)) for quantification using inert Teflon tubing and a Teflon-membrane filter for the gas monitors and conductive silicone tubing for the PM monitors.
Three nondispersive infrared (NDIR) CO 2 analyzers measure CO 2 concentrations in the undiluted exhaust, diluted sample, and dilution flow (background) every 1.5 sec. The instantaneous dilution ratio (DR) is calculated as (Ning and Sioutas, 2010 [CO ] The one-liter canister flow rate is controlled by a critical orifice. CO, CO 2 , and methane (CH 4 ) are analyzed by gas chromatograph with flame ionization detector (GC-FID), and NMHC (C 2 -C 11 ) are analyzed by GC-mass spectrometry (MS)-FID (U.S.EPA, 1999) . Since different filter media are needed for comprehensive chemical speciation Watson and Chow, 2011) , four filter packs are sampled in parallel (Chow and Watson, 2012) , with a typical configuration shown in Fig. 1 . Each filter pack is preceded by a PM 2.5 impactor (Model 202-100, Airmetrics, Eugene, OR). The flow rate (5 L/min) through each filter pack is controlled by a feedback loop between the pump (Model B2736, BGI Inc., Waltham, MA) speed and flow meter (Model 41221, TSI Inc.) readings. Additional sampling media, such as a 2,4-Dinitrophenylhydrazine (DNPH) cartridge for carbonyls (Fung and Grosjean, 1981) , a Tenax cartridge for heavy hydrocarbons (Zielinska et al., 1986; 1994b; Zielinska and Fujita, 1994a) , or filter media for additional PM speciation can be added to this module.
The continuous PM monitoring module ( Fig. 2(d) ) contains a DustTrak DRX aerosol monitor, which is a combination of nephelometer and optical particle counter (OPC) and simultaneously measures PM 1 , PM 2.5 , PM 4 , PM 10 and PM 15 mass concentrations (Wang et al., 2009) . The condensation particle counter (CPC) measures the total number concentration of particles larger than 10 nm. Since the maximum concentration that the CPC can measure without coincidence losses is ~100,000 particle/cm 3 , a dilution bridge similar to the leaky filter method (Whitby et al., 1972) is added upstream to enable the measurement of high concentrations; the dilution ratio is measured before and after each test. The OPC measures particle size distributions in the optical diameter range of 0.3-25 µm in 15 channels based on single particle light scattering. The  CO  0-500 ppm 1 sec CO: < 2 ppm (0-39.9 ppm) < 5% of measured value (mv; ≥ 40 ppm)  CO 2  0-50% vol. CO 2 : ± 0.3% vol. + 1% of mv (0-25% vol.) ± 0.5% vol. + 1.5% of mv (> 25% vol.)  NO  0-3,000 ppm NO: < 2 ppm (0-39.9 ppm) < 5% of mv (40-300 ppm)  NO 2  0-500 ppm NO 2 : < 5 ppm (0-99 ppm) < 5% of mv (> 99 ppm)  SO 2  0-5,000 ppm SO 2 : < 5 ppm (0-99 ppm) < 5% of mv (100-2,000 ppm) < 10% of mv (2,001-5,000 ppm) micro-aethalometer measures BC concentration by light attenuation through particles deposited on the filter (Hansen and Mocnik, 2010) . The power supply module ( Fig. 2 (e)) contains two 12 V deep cycle marine batteries (Model Odyssey PC2150S, EnerSys Energy Products Inc., Reading, PA), a voltage regulator (Model N8XJK, TG Electronics, Houghton, MI) that stabilizes the output voltage at 13.8 V, and a battery monitor (Model TM-2020, Bogart Engineering, Boulder Creek, CA) that monitors the battery output voltage, current, and battery level. These batteries can also supply 24 V when connected in series, with 12 V drawn from each battery.
Voltage regulators are used to match battery output to what is needed by each instrument. The total current is about 16 Amps (A) when all instruments are running, which allows for ~9 hours of operation with two 12 V batteries.
Data from all instruments are sent to the data acquisition computer in digital format via RS232 or USB communication in real time. A LabView (National Instruments, Austin, TX) program controls instruments and records data.
This design has benefited from and improved upon prior dilution sampling efforts (Hildemann et al., 1989; Lipsky and Robinson, 2005; England et al., 2007a) by: 1) multipollutant flexibility to meet different emission characterization needs; 2) a suite of continuous monitors that can be examined during the test while providing more information on variation during an emitter's operational cycle; 3) integrated samples that can obtain hundreds of pollutant concentrations through laboratory analysis and provide quality control redundancy for the continuous monitors; 4) modularization for convenient shipping, handling, and installation; and 5) off-line power source with commonly-available batteries. The sample conditioning module ( Fig. 2(a) ) described here may not adequately measure PM from clean effluents because the 1.5 L residence chamber only allows a ~3 sec residence time at a flow of 28.7 L/min. This residence time is sufficient for diesel engines without a diesel particulate filters (DPF), wood stoves, and coal and residual oil boilers (Lipsky and Robinson, 2005) . Well-controlled natural gas combustion, however, contains low primary PM surface area on which vapors might condense, and longer residence time are needed with a larger volume residence chamber (Chang et al., 2004; England et al., 2007a, b) . The air compressor has a maximum capacity of ~35 L/min at a pressure of 5 psi, which limits the amount of dilution and sample flow rates. A larger capacity compressor, usually requiring line power, would be substituted for higher dilution flows. Longer sampling durations of several hours would be needed for the 5 L/min filter pack flow rates to obtain sufficient sample for laboratory characterization. Samples containing high water vapor contents require higher temperatures for the transfer line, requiring more battery power which reduces the 9 hour operation time. The system described has been adapted for these purposes, but this adaptation obviates some of the advantages conferred by its portability and self-contained power source.
SYSTEM EVALUATION
The multipollutant dilution sampling and measurement system has been evaluated using laboratory-simulated concentrations and wood combustion for: 1) individual analyzer accuracy, 2) concentration uniformity before splitting to different measurement modules, 3) response time differences, and 4) variability of continuous gas and particle emissions during wood combustion.
Continuous gas and particle monitoring instruments are initially calibrated by manufacturers and need to be periodically verified with laboratory standards. The CO 2 analyzers were tested with 2% and 10% CO 2 calibration gas; the photoionization detector (PID) analyzer was verified with 100 ppm isobutylene calibration gas; and the Testo Emission Analyzer (EA) was tested with a CO, NO, and SO 2 calibration mixture. Desired concentrations were achieved by mixing calibration gases with scrubbed zero air through a gas divider (Model SGD-710C, Horiba Instruments, Irvine, CA). The TSI CPC 3007 was compared to a TSI CPC 3010 for ambient aerosol concentrations at different dilution levels. As shown in Fig. 3 , instruments showed linear responses to reference concentrations, with linear regression (forced through origin) slopes typically within 1.00 ± 0.10. Raw instrument readings are divided by the regression slope to adjust for the small deviation from 1.00. PM mass concentrations by optical methods need to be calibrated by simultaneous gravimetric measurements of the same aerosol. The DustTrak DRX was zeroed with filtered air before each run, while the OPC conducted a self-test before each run to check performance integrity. The BC concentration by the micro-aethalometer depends on the mass absorption efficiency of the light absorbing particles (Chow et al., 2010b) . Comparison between the BC by aethalometer and elemental carbon (EC) by the thermal/ optical carbon analysis (Chow et al., 1993 can be used to evaluate the mass absorption efficiency for specific sources.
CO 2 was measured in the different modules (Figs. 2(b-d) ) to verify the mixing of the sample and dilution flows. To test this, the sampling line was connected to a 7% CO 2 balanced with air standard and the dilution ratio was varied from 5 to 34 by changing the make-up flow rate. Table 2 shows the average CO 2 concentrations at each dilution ratio. Deviations relative to the mean were < 5.1%, indicating a uniform distribution to each module.
Particle losses were estimated using laboratory-generated polystyrene latex spheres (PSL) with 0.5 to 10 µm diameters through a 25 L residence chamber with a 100 L/min flow rate and a 15 sec residence time without the ~7 µm cut-point cyclone. These tests showed ~100% transmission efficiency for 0.5-5 µm PSL and 86% for 10 µm PSL. This is a worstcase scenario compared to the smaller residence chamber in Fig. 2(a) because both the gravitational deposition parameter (residence time divided by tube diameter) and diffusion deposition parameter (flow length divided by flow rate) (Kulkarni et al., 2011) are smaller than those for the 25 L chamber. This evaluation does not include losses in the sample transfer line from the particle source to the inlet of the dilution system which can be estimated from theoretical calculation of diffusion, gravimetric settling, and thermophoretic deposition based on the flow rate, length, temperatures, and inclination angle of the transfer line for a specific experimental setup (Kulkarni et al., 2011) .
The response of real-time continuous instruments is delayed by the time it takes to travel from the inlet probe to the instrument inlet and by the travel time through the sensing volume within the instrument, which may vary from test to test depending on the length and diameter of the transfer line and the flow rate. These differences need to be accounted for to synchronize the real-time data so that the differences in pollutant release time from the source can be examined. The time lags are measured before and after a test by sampling smoke from a safety match lit at the inlet, as the combustion generates most gas species and particles of interest. The system first samples ambient air for a few minutes to obtain background readings. Then one match is lit near the inlet of the sampling probe. After the first match is extinguished, the system samples ambient air for a few more minutes to allow the instrument signals to return to background levels, after which a second match is lit. Fig. 4 illustrates instrument responses. In this test, the DustTrak DRX and OPC had the fastest responses, as illustrated by the vertical dash line running across all panels. Table 3 lists the delays for each instrument to detect a 10% change from background concentration and the lag time with respect to the DustTrak DRX. Most instruments experienced 10-22 sec lags, with the exception of the CPC (3.5 sec) and micro-aethalometer (7.5 sec). The delay of 20.5-21.5 sec for VOCs and CO may depend on chemical reactions as well as transport and detection (Hays et al., 2005) . The CO sensor is in series with other Emission Analyzer sensors hence its transport and detection delay time is likely to be comparable (9-15 sec). Since the response times change with flow rates, plumbing configuration, and emission characteristics, they must be quantified for every test configuration. Continuous instrument responses can also be aligned using initial rise time, peaks, fall time, or other techniques such as autocorrelation of measurement data. This alignment is performed during post-sampling data processing. Fig. 3 . Performance verification of the CO 2 analyzers, photoionization detector (PID), Emission Analyzer (EA), and condensation particle counter (CPC). The two tests shown for the EA and CPC were conducted before and after a field campaign. The regression for the undiluted CO 2 analyzer was for concentration up to 100,000 ppm CO 2 (data points above 20,000 ppm are not shown). 
, where x i is the concentration measured by one of the three modules, and x is average concentration of all three modules at a give dilution ratio. Fig. 4 . Time series of instrument responses to lighting and burning two matches: a) total VOCs by the PID analyzer; b) CO by the Emission Analyzer (EA); c) undiluted CO 2 by the CO 2 analyzer; d) diluted CO 2 by the CO 2 analyzer and the EA; e) background CO 2 by the CO 2 analyzer; f) NO and SO 2 by the EA; g) O 2 by the EA; h) particle number by the CPC (~0.01-2.5 µm) and OPC (0.3-2.5 µm); i) black carbon by the micro-aethalometer; and j) PM 2.5 mass by the DustTrak DRX and the OPC. The two vertical dash lines indicate the instant when the DustTrak DRX and OPC detected concentration change after lighting the match. A wood stove testing experiment was carried out to illustrate how the system can be used to understand an emissions process. One kilogram (kg) of pinewood logs (2.5 cm × 2.5 cm × 33 cm) was combusted in a Pineridge wood stove. A stream of the exhaust was extracted from the chimney and diluted with an average dilution ratio of 10.3:1. In parallel with the measurement modules in Fig. 1 , a scanning mobility particle sizer (SMPS, Model 3936L10, TSI Inc.) measured undiluted particle size distributions in the sub-micron size range (0.01-0.29 µm) every 135 sec. The experiment started by measuring ambient background concentrations. The fire was ignited at the 12:12:50 time mark by lighting a small pile of thin woodchips underneath the pinewood with a propane torch. As shown in Fig. 5 , sharp increases in all pollutant concentrations and a decrease in the O 2 concentration were observed. The transition from the woodchip kindling to the pinewood combustion shows substantial emission variability prior to the pinewood firing state. Flaming, transition, and smoldering for the pinewood burn can be distinguished from the traces in Fig. 5 , as noted by the vertical dashed lines. The average concentrations in each burning stage are summarized in Table 4 . Phases of biomass combustion have been described by others (Lobert and Warnatz, 1993; Koppmann et al., 2005; Calvo et al., 2011) , but transition from one phase to another is usually not distinct and criteria have not been set for defining each phase. Several studies have used the modified combustion efficiency (MCE), defined as:
to separate combustion phases: MCE > ~0.9 for flaming phase and MCE < ~0.85 for smoldering phase (e.g., Koppmann et al., 2005; Reid et al., 2005b) . The variety of continuous measurements offers the possibility of greater precision in distinguishing among the different wood combustion phases. In the flaming phase, CO 2 and particle concentrations were relatively stable, while total VOCs, CO, and NO increased. The MCE decreased to ~0.9 during this period, indicating the combustion became less efficient when volatile fuel components near the wood surface were burned . Because the stove was cold at the initiation of the experiment and the pinewood pieces were too large for complete combustion, the fire entered a transition from flaming to smoldering after ~15 minutes. During this transition period, the CO 2 concentration declined, while CO and NO levels increased, resulting in declining MCE. Total VOCs, particle number, BC, and PM 2.5 mass concentrations were relatively stable during this period. Average total VOCs in this phase were 22% higher than during the flaming phase, BC was 9% lower, while particle number and PM 2.5 differed by < 8%. Around 12:45:05, the fire entered the smoldering phase, and all pollutant concentrations decreased when the MCE reached a minimum of ~0.80. A gradual increase of MCE from the second half of the smoldering phase has been observed in earlier studies (Hays et al., 2005; Chen et al., 2007; Hosseini et al., 2010) and is probably due to the decrease of CO concentrations as the smoldering temperature decreases toward the end of the burn. The BC/PM 2.5 from the microaethalometer and DustTrak DRX decreased continuously from the beginning of the transition phase, indicating a decrease in the fraction of PM that absorbs light at 880 nm. This is consistent with earlier observations that soot particles are mostly formed in the flaming phase due to insufficient O 2 in poorly mixed areas while in the smoldering phase particles are largely formed by volatile organics condensation (Reid et al., 2005a) . Table 5 shows correlations among concentrations during the wood burning test with selected parameters plotted in Fig. 6 . The highest squared correlations (r 2 = 0.96) was observed between the number concentration and PM 2.5 mass concentration by the OPC, which is expected since the OPC PM 2.5 mass concentrations was calculated from number concentration. The PM 2.5 mass concentrations by the OPC and DustTrak DRX were also well correlated (r 2 = 0.78); both instruments are based on light scattering principle. However, as shown in Fig. 6(a) , the linear regression slope was only 0.03, indicating the OPC readings were ~30 times lower than the DustTrak DRX. This difference is partially because the OPC PM 2.5 concentration was calculated from particle number concentrations by assuming that particles were spheres with unit density, while the DustTrak DRX derived PM 2.5 concentrations from photometric signal Fig. 5 . Time series of instrument responses to wood stove emission: a) total VOCs; b) CO; c) undiluted CO 2 ; d) diluted CO 2 ; e) background CO 2 ; f) modified combustion efficiency (MCE); g) NO; h) O 2 ; i) particle number by CPC and OPC; j) black carbon; k) PM 2.5 mass by the DustTrak DRX and OPC; and l) ratio of BC to PM 2.5 (by DustTrak DRX). Response time differences among instruments were corrected by aligning the sharp rising concentrations when the fire was ignited. Gas and particle concentrations except CO 2 were corrected for dilution. SO 2 and NO 2 were near detection limits and are not plotted. Vertical dash lines separate different burning phases, and the arrows on the panel k point to the center time of the particle size distribution scan shown in Fig. 7 . (Wang et al., 2009) . Furthermore, the OPC experienced coincidence losses for concentrations above ~6 mg/m 3 as indicated by the decreasing slope in Fig. 6 (a) at higher concentrations. The OPC also has a lower size cut-off at ~0.3 µm, and many particles were at or below this size range. The mass concentration measured by the Teflon-membrane filter (Fig. 2(c) ) can be used to adjust mass concentrations by the DustTrak DRX and OPC. Fig. 6 (b) shows r 2 = 0.79 for total VOCs and CO, both formed from incomplete combustion due to low combustion temperatures, an insufficient air supply, or poor mixing of fuel and air. On the other hand, BC, another product of incomplete combustion, was poorly correlated with CO (r 2 = 0.09). As shown in Figs. 5 and 6(c), in the flaming and smoldering phase, BC and CO had fair correlations but with different slopes and intercepts, probably due to different formation mechanisms. In the flaming phase, both BC and CO form in a fuel-rich flame, while in the smoldering phase, BC and CO form due to low fire temperatures. In the transition phase, they were uncorrelated when CO continued to increase while BC was relatively stable. BC was better correlated with CO 2 (r 2 = 0.59) than with CO. The continuous emission measurement permits calculation of emission ratios (ER) for different burning phases as listed in Table 4 . The emission ratio is defined as (Andreae et al., 1998; Koppmann et al., 2005) :
where [X] plume and [X] background are the measured concentrations in the plume and background, respectively. Except for PM 2.5 , ERs varied for different burning phases. This observation underlines the importance of using continuous data for estimating ERs, especially when X is poorly correlated with CO 2 (Andreae, 2001 ). distributions provide useful information on particle evolution over the burn period. Consistent with Figs. 5(i-k), the ambient background concentration was orders of magnitude lower than the plume levels. At the early stage of ignition, particle sizes peaked ~0.026 µm, smaller than during later burning phases. Since particle concentrations were relatively low at this phase and there were not many large particles in the plume, these particles had lower coagulation efficiencies and were not quickly scavenged. The count median diameter (CMD) in the ignition phase was 0.02-0.04 µm. In the flaming phase, particles were larger (CMD = 0.04-0.06 µm) and concentrations were higher with particles present in both nuclei (~0.005-0.1 µm) and accumulation (~0.1-2.5 µm) modes. In the transition phase, particles in the nuclei mode decreased and more particles appear in the accumulation mode, with CMD of 0.06-0.09 µm. The shape of the size distribution in the smoldering phase was similar to that in the transition mode (CMD = 0.05-0.09 µm), but with lower concentrations. This observation of size distribution change from flaming to smoldering phase is similar to that observed during wheat straw combustion (Hays et al., 2005) . Maruf Hossain and Park (2011) observed a decrease of mode diameter from ~0.18 µm to ~0.09 µm from flaming to smoldering combustion of rice straw. They controlled the combustion so that only flaming or smoldering predominated, which differs from the natural transition from flaming to smoldering in this study. Particle sizes observed in this experiment are in the same range as a recent study using fast scan mobility analyzers (1 sec time resolution), but are somewhat smaller than most studies summarized by Reid et al. (2005b) . Differences in fuel and combustion conditions contribute to these discrepancies.
CONCLUSIONS
A portable dilution sampling and measurement system was developed to measure multipollutant emissions from stationary and mobile sources. In addition to the criteria pollutants (i.e., CO, NO x , SO 2 , and PM), additional pollutants (e.g., total VOCs, CO 2 , BC, ultrafine particle number concentration, and particle size distributions) are measured continuously. Integrated canister and filter samples allow thorough analysis of VOC speciation and PM chemical compositions. This system enables measurement of continuous emission characteristics and development of multipollutant emission factors and source profiles under real-world conditions. Key component continuous instruments were evaluated in the laboratory for their accuracy. Instruments responses agree with reference concentrations with ± 12% deviation and excellent correlation (r 2 > 0.995). The uniformity of species concentrations delivered to the three measurement modules was evaluated using CO 2 as the tracer gas. The relative error was found to be < 5.1% indicating uniform mixing. Differences in time responses of individual detectors were evaluated by measuring emissions from lighting and burning matches. It was found that the DustTrak DRX and OPC had the fastest responses to aerosol concentration changes, while other instruments showed 3.5-21.5 sec delay.
This system was tested for measuring emissions from burning pinewood logs in a wood stove. Three burning phases: flaming, transition, and smoldering were observed from the emission time series. A reasonable squared correlation (r 2 = 0.78) was found between the PM 2.5 mass concentrations measured by the DustTrak DRX and OPC. However, the DustTrak concentration was ~30 times higher than the OPC, underlining the necessity of calibrating mass concentrations by optical instruments with gravimetric methods. Good correlation was also found between VOCs and CO (r 2 = 0.79) during the entire burn. Correlations between species and the modified combustion efficiency were generally poor. Continuous emission data allows evaluation of emission ratios in different burning phases, which will lead to more accurate estimation of emission inventories. Size distribution measurement of wood combustion showed that most particles are smaller than 0.2 µm, with count median diameter (CMD) 0.02-0.04 in ignition phase, 0.04-0.06 µm in flaming phase, 0.06-0.09 µm in transition phase, and 0.05-0.09 in smoldering phase.
